Abstract-Several sparse 2-D arrays for real time rectilinear volumetric imaging were investigated. All arrays consisted of 128 x 128 = 16 384 elements with X spacing operating at 5 MHz. Because of system limitations, not all of the elements could be used. From each array, 256 elements were used as transmitters, and 256 elements were used as receivers. These arrays were compared by computer simulation using Field 11. For each array, beamplots for the on-axis case and an illustrative off-axis case were obtained. For the off-axis case, the effects of receive mode dynamic focusing were studied to maintain the beam perpendicular to the transducer face. Main lobe widths, side lobe heights, clutter floor levels, and pulse-echo sensitivities were quantified for each array. The sparse arrays, including a vernier periodic array, a random array, and a Mills cross array, were compared with a fully sampled array that served as the "gold standard." The Mills cross design showed the best overall performance under the current system constraints.
I. INTRODUCTION
OR REAL TIME B-scan ultrasound imaging, several F types of transducer arrays have been developed to scan various regions of the human body. Such arrays include sectored phased arrays and linear sequential arrays. Sectored phased arrays produce a pie-shaped scan by steering and focusing the acoustic beam to a desired location. They are ideal for cardiac imaging because they allow a wider field of view far away from the transducer and avoid interference from the ribs [Fig. l(a) ]. Linear sequential arrays scan a rectangular area for which the width of the scan is equal to the transducer length [Fig. l(b) ]. These are more useful for obstetric, breast, or vascular imaging for which overlying bone is absent from the field of view. Because linear scans have a wider field of view closer to the transducer than sector scans, anatomical structures close to the skin surface such as the thyroid, carotid artery, and lesions in the breast can more easily be examined.
In the field of real time volumetric ultrasound imaging, the Duke University system uses a 2-D phased array to insonify a pyramidal volume equivalent to 64 sector scans of 64 lines each stacked in the elevation direction [Fig. l(c)] [1]- [4] . This scanner includes 256 transmitters and 256 receivers and scans a 65"pyramid using 256 transmit pulses and 16:l parallel processing to acquire 64 x 64 = 4096 image lines at a rate of 30 vol/s. Multiple image planes at any Manuscript received February 1, 1999; accepted October 29, 1999. This work supported in part by HHS Grant CA-56475 and NSF ERC-8622201 . ~ The authors are with the Department of Biomedical Engineering, Duke University, Durham, NC 27708 (e-mail: jtyl@duke.edu). desired angle, depth, and origin within the pyramid can be viewed in real time. The system currently uses transducers with frequencies ranging from 2 to 5 MHz [5] . This system has been used clinically for cardiac scanning for 3 yr and is now commercially available.
Notwithstanding the success of the pyramidal volumetric scanner for cardiac applications, no high speed volumetric analog of the linear sequential array currently exists. Instead, as recently reviewed by Fenster and Downey [6] , numerous experimental and commercial systems are in use, employing off-line 3-D reconstruction of serial B-scans. In 1986, Smith and von Ramm proposed a high speed volumetric scanner to obtain a rectilinear volumetric scan using a 2-D array analog of the linear sequential array [7] . Such an array would scan a rectilinear volume by performing many rectangular scans stacked in the elevation direction [Fig. l(d)] . A system for rectilinear volumetric imaging has not yet been developed, and its design is the topic of this paper.
In linear sequential arrays, a group of elements, or subaperture, is selected to direct an acoustic beam perpendicular to the transducer face. Through the use of multiplexing circuits, this subaperture is stepped across the entire aperture, and one line is drawn for each step, giving a rectangular field of view. Similarly, in rectilinear volumetric imaging a 2-D subaperture of elements will be selected to move an acoustic beam over the transducer face in both azimuth and elevation dimensions. The Duke volumetric system does not now include multiplexing capability so that a subset of the 256 transmit and receive channels will be switched in and out using amplitude apodization to produce the stepped subaperture. In Fig. 2 for example, a subaperture with cosine apodization located at the center of the transducer is used to obtain the on-axis image line indicated by line A. To produce the off-axis line that is shown by line B, the subaperture is moved to the corner so that an acoustic beam may be focused approximately perpendicular to the transducer face.
In designing a 2-D array for rectilinear volumetric imaging, several challenges must be considered. Typically, a linear sequential array may contain about 256 elements and use 128 elements per line, but, for a 2-D array, this would require 256 x 256 = 65 536 elements, an unrealistic goal. Therefore, very sparse array design must be considered. The first important goal in sparse array design is to minimize the main lobe width, which implies that elements must be spread over most of the transducer aperture. However, as elements are spread throughout the aperture, the density of elements becomes smaller. As illustrated in Fig. 3 , we have investigated several different sparse 2-D array designs and compared them with a fully sampled array [ Fig. 3(a) ]. Periodic or vernier arrays have been proposed by Lockwood et al. [9] , [lo] . In this design, receive elements are spread evenly through- Fig. 3(b) .
The third array, the random array as described by Steinberg [ll] and Turnbull et al. [12] , reduces any possibility of grating lobes by selecting the locations of transmit and receive elements using a pseudorandom number generator.
Davidsen et al. [13] proposed using a Gaussian distribution of transmit elements across the entire aperture to give a In this paper, we compare several different array designs by computer simulation using Field I1 software from Jensen and Svendsen [14] . A fully sampled array, a vernier array, a random array, and a Mills cross array are compared. It is our hypothesis that the Mills cross pattern is comparable with or outperforms the other very sparse array geometries in terms of beamwidths, side lobe heights, peak pressures, and off-axis distortion.
METHODS
All simulations were performed using the Field I1 (v.
1.32) program written by Jensen. Field I1 uses the spatial impulse response method in which the pulse-echo field is calculated by where * indicates convolution [14] . In this equation, CO is the speed of sound and vpe is the pulse-echo electromechanical impulse response, including the excitation function. The variables ht and h, are the spatial impulse responses of the transmit and receive apertures, respectively. In this paper, we use the program's abilities to generate pulseecho fields. For the excitation pulse, a Gaussian-weighted sine wave with a 50% -6-dB fractional bandwidth and center frequency of 5 MHz was used. Each array, with dimensions of 38.4 x 38.4 mm, consisted of 128 x 128 = 16 384 elements with 256 transmit channels and 256 receive channels with an interelement spacing of X = 0.308 mm and 25 pm kerf. An angular response of the form sin(z)/z was assumed for each element. The number of transmitters and receivers was limited by the electronics of the Duke University phased array volumetric scanner. In the case of linear sequential imaging, X spacing is not a significant problem because the grating lobes are located at f90" at 5 MHz.
Except for the random array, each array used cosine amplitude apodization in both elevation and azimuth dimensions, giving a dome-like apodization function over the subaperture. We used an F/2 subaperture in transmit and an F/1 aperture in receive. For each array, we calculated beamplots to simulate the application of breast scanning or vascular scanning for foci at (0, 0, 30) mm and (16, 16, 30) mm, the on-axis and illustrative off-axis cases, respectively. For the on-axis case, the center of the apodization function is directly over the center of the focus. However, in the off-axis case, the apodization function has been shifted so that the center is as close to the focus as possible. It is not possible to center the apodization function directly over the focus in every off-axis case without truncating the function because of the physical dimension of the aperture (Fig. 2) . Truncating the apodization function should be avoided because this will lead to a decrease in pulse-echo sensitivity and will also give rise to higher sidelobe levels. Avoiding truncation should also help maintain a more uniform pulse-echo sensitivity, independent of the focus. In the off-axis case, the apodization function does not lie directly on top of the focus, so the steering errors will worsen. However, steering errors can be alleviated by employing multiple receive foci. XZ contour plots were obtained to analyze the steering errors in each of the four arrays. Twenty receive foci were placed every 3 mm from 0 mm where the transducer face is located to a depth of 60 mm.
It is important to note that because of the necessity of uniformly distributing the elements over the transducer for rectilinear volumetric scanning, elements are not identically distributed for each type of array. The number of elements used per image line varied for each array. The number of elements also varied for the on-axis and off-axis cases. Table I shows the number of elements used in transmit and receive for the four arrays in both on-axis and off-axis cases. Among the sparse arrays, the Mills cross array has the greatest number of transmitters and receivers. This is because its elements are more densely packed in the azimuth direction for transmit and the elevation direction for receive mode than the other sparse arrays. The vernier and random have transmit and receive elements sparsely distributed in both dimensions. Because the number of elements used varied in each array, the pulse-echo sensitivity also varied.
Each beamplot was generated in a square area of 28 x 28 mm at a depth of 30 mm away from the transducer. Once the apodization function has been determined, each element is assigned its appropriate apodization value and normalized to a maximum value of one. Apodization helps suppress sidelobes at the sacrifice of a larger beamwidth. To determine the strength of the signal from each point in the field, an RMS energy value was calculated from the received voltage trace. All RMS energy values were converted to decibels after normalizing to the maximum energy level for the on-axis image line of the fully sampled array.
The fully sampled array serves as our "gold standard" with which all sparse arrays will be compared. The fully sampled array simply uses all 16 384 elements in both transmit and receive using X spacing = 0.3 mm. Although a fully sampled array will not be built in the near future, it serves as a useful comparison because sparse arrays are designed to approach the performance of a fully sampled array. Fig. 3(a) shows a schematic of the fully sampled array and how the subaperture is moved from the on-axis case to the off-axis case.
The vernier array, as proposed by Brunke and Lockwood [lo] , suggests placing a receive element every p elements apart and placing a transmit element every ( p -1) elements apart, where p is an integer indicating the sparseness. For our purposes, a sparseness factor of p = 8 was necessary so that elements would be placed across the entire aperture to get the best possible beamwidth and cover the entire rectilinear field of view. Brunke and Lockwood suggest using an interelement spacing of X/2, but this would require a sparseness factor of 16, resulting in very high sidelobe levels [lo] . In this paper, we tested the vernier array under much harsher constraints than in the previous analysis of Brunke and Lockwood [lo] .
In the random array, we approximated a uniform distribution of transmit and receive elements. The location of these elements was first determined by dividing the array into four identical quadrants to ensure a more uniform distribution of elements. In each quadrant, the location of 64 transmit and 64 receive elements was determined using a uniform random number generator. Based on our previous experience, cosine apodization was not used in the random arrays but the aperture was still limited to F / 2 transmit and F/1 receive [13] .
The Mills cross array consists of two rows of transmit arms; each row consists of 128 elements. Both rows are located in the center of the array. Two columns of 128 receive elements are placed in the elevation direction. The layout for our version of the Mills Cross is shown in Fig. 3(d) . By the geometry of the Mills cross, there are no elements directly over the off-axis focus. Instead, the subapertures have been moved to the right and to the top because using these elements would give the least amount of steering error. The subaperture becomes the union of these two apodization functions, and the focus is located at the intersection of the two subapertures. . .,., fairly narrow down to -40 dB [ Fig. 4(e through h) ]. In the on-axis case, beamwidths were 0.52, 0.96, and 1.73 mm for -6, -20, and -40 dB, respectively (Table 11 ). For off-axis, beamwidths were measured to be 0.50, 1.10, and 2.0 mm at the same decibel levels (Table 11 ). All peak pressures were normalized to the fully sampled array focused onaxis because this is the case in which the highest pulseecho sensitivity will occur. A -3.30-dB loss was found in the fully sampled array when comparing on-axis and offaxis pulse-echo sensitivity because of element angular response when the apodization function is not centered over the line (Table 111 ). This drop in pulse-echo sensitivity should be minimized because a uniform pulse-echo sensitivity throughout the whole volume is desired. Also, the width of the main beam is wider for the off-axis case because the effective transducer aperture is smaller. Fig. 8(a) is an XZ contour map of the acoustic beam focused at (0, 0, 30) mm. Fig. 8(b) is an XZ contour map of the off-axis beam with a transmit focus at (16, 16, 30) mm and a dynamically focused receive beam. In all of the XZ contour maps, the contour levels shown are 0, -6, -12, -18, -24, and -42 dB. As expected, there is no steering angle for the focus at (0, 0, 30) mm. In the off-axis case, the beam does not exhibit much of a steering angle; however, there is noticeable asymmetry in the beam. This is because of the asymmetric distribution of transmit and receive elements about the focus. The effect of the dynamic receive is especially visible at depths greater than the depth of the transmit focus. Fig. 5(a through d) shows the beamplots of the pulseecho field of the sparse vernier array focused at (0, 0, 30) mm. Because the elements are spread throughout the entire aperture, the main beam is very narrow and has a width of 0.54 mm at -6 dB. However, grating lobes rise up to -10 dB at f 5 . 0 mm away from the center of the array in both the elevation and azimuth dimensions. These high lobes are due to the sparseness of the array and the square shape of the aperture. At (16, 16, 30) mm the main beam has become slightly wider in both elevation and azimuth [ Fig. 5(e through h) ]. Because the beam is now slightly steered to avoid truncating the apodization function, some asymmetry in the beam is observed. On'one side, the grating lobe is at a peak level of -5 dB, and, on the other side, the grating lobe level is at -15 dB. The main beam width has increased to 0.80 mm in both elevation and azimuth dimensions at the -6-dB level. One important feature to note is that only 3.5 dB is lost in pulse-echo sensitivity in going from on-axis to off-axis because the apodization function has not been truncated. Fig. 8(d) show the XZ contour plots for a transmit focus at (16, 16, 30 ) mm and dynamic receive focusing. At depths less than 30 mm, the beam pattern indicates that the vernier array is not well focused. This would cause image degradation close to the transducer face. The beam pattern becomes more focused at depths greater than 30 mm as indicated by the contour circles located along the axis of the focus.
Beamplots of the random pattern can be found in Fig. 6(a through h) . For this random array, the F/2 transmit aperture included 33 transmit elements, and the F/1 receive aperture included 152 elements. For the on-axis case, it can be seen that the beam pattern has no side lobes but has a uniform pedestal of about -36 dB, which is in close agreement with -37 dB as predicted by (1) where the system contains 33 transmitters and 152 receivers. The -6 dB beamwidths of 0.55 and 0.46 mm are narrower than the fully sampled because cosine apodization was not used, so the effective aperture is larger than the other three arrays. At -20 dB, the beamwidth is still narrower than the fully sampled, but the -40 dB beamwidth is effectively very large because of the high pedestal level. This is also true in the off-axis case. In the off-axis case, the -6 dB beamwidths in azimuth and elevation are 0.55 and 0.46 mm, respectively. These beamwidths are comparable with the on-axis beamwidths. However, because of the changing random distribution of the elements at each image line, it is difficult to predict what the beam width will be in the overall volumetric scan. In terms of pulse-echo sensitivity, the random array has an on-axis pulse-echo sensitivity of -61.9 dB and an off-axis pulse-echo sensitivity at -65.0 dB, relative to the fully sampled array. The XZ contour plots for the random array are shown in Fig. 8(d  and h) . The on-axis XZ contour plot exhibits mild asymmetry because of the random distribution of transmitters and receivers. In the off-axis case, the dynamically focused random array does not appear well focused at depths less than 30 mm, much like the vernier array. Fig. 7(a through d) shows the beamplots for the Mills cross array focused at (0, 0, 30) mm. The beamwidth in elevation is not equal to the beamwidth in azimuth because the beamwidth in the azimuth dimension is primarily dependent on the f-number of the transmit aperture and the beamwidth in the elevation dimension is controlled mainly by the f-number of the receive aperture. Because the f-numbers of the transmit and receive apertures are unequal, the beamwidths will be unequal. Unlike the vernier array, the Mills cross array does not exhibit grating lobes until f 9 0 " because of the X spacing. Instead, the beam pattern gradually drops to a level of -70 dB at a distance of 14 mm from the center of the transducer in elevation and to a level of -65 dB in azimuth. The beamplot for a focus at (16, 16, 30 ) mm shows again a very slight degradation in beamwidth in both azimuth and elevation [ Fig. 7(e  through h) ]. The -6 dB and -20 dB beamwidths are 2.20 and 1.48 mm in azimuth and elevation, respectively. Peak energy levels range from -43.6 dB for a focus at (0, 0, 30) mm to -52.2 dB at (16, 16, 30) mm. The XZ contour plots of the Mills cross array can be seen in Fig. 9(c and  d) . The off-axis contour plot shows asymmetry in the beam about the line of focus because the apodization function cannot be centered over the image line.
IV. DISCUSSION AND FUTURE WORK
In these preliminary studies, we have attempted to characterize several 2-D array designs for real time rectilinear volumetric imaging including vernier, random, and Mills Cross designs. It can be concluded that the vernier array Azimuth (mm) would not be a suitable array design because of the degree of sparseness necessary for such a large aperture. In this study, we have put the vernier array under harsher constraints than previously studied [lo] . The full wavelength element spacing definitely degraded the performance of the vernier array compared with half wavelength element spacing. However, full wavelength spacing is necessary to create the large aperture needed for rectilinear volumetric imaging. The extreme degree of sparseness, sparseness factor of p = 8, degrades the performance of the vernier array. The Brunke and Lockwood study [lo] gives design curves for sparse arrays. The design curves given are only for the fully sampled array and sparse vernier arrays with p = 3, 4, and 5. However, no design curve for p = 8 is given; so, an extrapolation must be done, which would be consistent with our results. In our experience, the vernier array is best suited for moderately sparse arrays. Moderately sparse arrays are de-fined as arrays in which approximately 7 to 20% of the elements are used. In this paper an extremely sparse vernier array, in which 1 to 2% of the elements are used, does not perform as well. Such spreading of elements gives rise to high sidelobe levels.
Although the random array has very narrow beam widths at -6 and -20 dB, it would be less suitable because of the high pedestal level. This pedestal would appear as clutter throughout the entire image degrading image contrast. It also has a fairly low pulse-echo sensitivity because of the sparse distribution of elements. The reason why the Mills cross has the highest pulse-echo sensitivity among the sparse arrays is because of the greater number of elements used (Table I) . By the geometry of the Mills cross, elements are densely packed in either azimuth or elevation directions. From these results, the Mills cross array outperforms the vernier and the random array. It is the superior design in terms of the three criteria of beamwidth, pulseecho sensitivity, and off-axis distortion given our current system limitation.
Using the transducer beamplot results, we can determine the specifications of the rectilinear volumetric scan. The -6-dB beamwidth for the Mills cross is 1.1 mm in the azimuth direction and 0.58 mm in the elevation dimension. According to the Nyquist criterion, this means that image lines must be created at least every 0.55 mm in azimuth and 0.3 mm in elevation to sample the volume properly. If 8:l receive mode parallel processing is used, a transmit beam that is wide in the elevation dimension will allow eight narrow receive beams to be placed within this transmit beam. The eight receive beams are separated by 0.3 mm, which means that the transmit beam must be at least 8 x 0.3 mm = 2.4 mm wide in elevation. Thus, if 8:l parallel processing is used, transmit beams should be at least 2.4 mm wide in the elevation dimension and 0.3 mm wide in the azimuth dimension. To sample the entire volume (38.4 x 38.4 x 60 mm), then 38.4 mm + 2.4 mm = 16 transmit beams in elevation and 38.4 mm t 0.3 mm = 128 transmit beams in azimuth must be used. This translates to a total of 16 x 128 = 2048 transmit lines. With the 8:l parallel processing, a total of 2048 x 8 = 16 384 image lines are required to represent the volume. For a maximum depth of 60 mm with a sound speed of 1500 m/s, a complete volumetric scan can be generated in 164 ms or at a rate of 6 vol/s. Such a scan rate is adequate for breast imaging and most abdominal imaging. Increased parallel processing would increase the volumetric scan rate.
Another possible alternative for the transducer design is to use electronic multiplexers within the transducer handle. Denser subapertures can then be created and stepped across the entire aperture to generate the volume. With the use of multiplexers, the Mills cross may not be the optimal design, but the vernier pattern may prove to be the best choice. However, employing multiplexing increases the complexity in the design. A whole new multiplexing system must be designed, built, and interfaced with the current volumetric scanner. More elements will be used, so a higher density of connections is required thus making transducer fabrication more difficult. In addition, typical multiplexers such as the Supertex HV202 (Supertex, Inc., Sunnydale, CA) add capacitance typically around 12 pF per channel, which can reduce the signal-to-noise ratio of the elements [15] . Heating of the multiplexers will also be a concern [15] , [16] .
